Rat intestinal microvillus membranes and lipid extracts prepared from them have been studied by fluorescence polarization with three lipid-soluble fluorophores: diphenylhexatriene, retinol, and anthroyl-stearate. The degree of fluorescence polarization of diphenylhexatriene, which provides an index of the "microviscosity" of the lipid regions of the membrane, is exceptionally high in microvillus membranes, the highest yet reported in normal biological membranes. Both the membrane proteins and lipids were found to contribute to the high values. With each of the three probes the polarization values are higher in ileal microvillus membranes as compared to membranes from proximal intestinal segments. Temperature-dependence studies of the fluorescence polarization of diphenylhexatriene and anthroylstearate demonstrate a phase transition in microvillus membranes and in liposomes prepared from their lipid extracts at approximately 26+/-2 degrees C. Ambient pH influences markedly the diphenylhexatriene fluorescence polarization in microvillus membranes but has little effect on that of human erythrocyte ghost membranes. The "microviscosity" of jejunal microvillus membranes is maximal at pH 6.5-7.0 and decreases as much as 50% at pH 3.0, an effect which depends largely upon the membrane proteins. Addition of calcium ions to suspensions of microvillus membranes increases the fluorescence polarization of retinol and anthroyl-stearate, but not that of diphenyl-hexatriene. This confirms the localization of the last compound to the hydrophobic interior of the membrane, relatively distant from the hydrophilic head […] Temperatture-dependence studies of the fluiorescence polarization of diphenylhexatriene and anthroylstearate demonstrate a phase transition in microvillus membranes and in liposomes prepared from their lipid extracts at approximately 26±2°C. Ambient pH influe.ices markedly the diphenylhexatriene fluorescence polarization in microvillus membranes but has little effect on that of human erythrocyte ghost membranes. The "microviscosity" of jejunal microvillus membranes is maximal at pH 6.5-7.0 and decreases as much as 50% at pH 3.0, an effect which depends largely upon the membrane proteins. Addition of calcium ions to suspensions of microvillus membranes increases the fluorescence polarization of retinol and anthroyl-stearate, but not that of diphenylhexatriene. This confirms the localization of the last compound to the hydrophobic interior of the membrane, relatively distant from the hydrophilic head groups of the polar lipids. Microvillus membrane proteins solubilized with Triton X-100 give relatively high fluorescence polarization and intensity values Dr. Schachter is the recipient of a Faculty Scholar Award from the Josiah Macy, Jr. Foundation.
INTRODUCTION
In recent years fluorescence polarization methods have been applied increasingly to the study of biological membranes (1) (2) (3) (4) (5) (6) (7) (8) . The particular usefulness of these methods stems from the fact that the polarization of the fluorescence of a molecule depends upon its rate of rotation (9) . Hence, changes in rotation rate due to interactions of the probe with other species in the environment are readily observed and quantified. For example, the binding of a fluorophore to a biological macromolecule or membrane can be monitored by an increase in the polarization of fluorescence (9) . Similarly, since the rotation rate depends on the resistance offered by the microenvironment to the motion of the probe, fluorescence polarization provides an estimate of the environmental resistance which is interpretable as an apparent "microviscosity" (1-5, 7, 10-13) .
Studies of the last type have focussed recently on the degree of fluidity of the nonpolar regions of biological membranes. The estimations have been expedited greatly by the introduction of a highly efficient hydrocarbon fluorophore, 1,6-diphenyl-1,3,5-hexatriene (DPH)1, which is localized in the hydrophobic regions of biological membranes (1, 12, 14) . Fluorescence polarization measurements demonstrate that the resistance to rotation encountered by the probe varies in membranes of different cell types (1-3, 7, 8) .
l Abbreviations used in this paper: DPH, 1,6-diphenyl-1,3,5-hexatriene; F, fluorescence intensity; PBS, phosphatebuffered saline; r, fluorescence anisotropy; r0, maximal limiting anisotropy; T, absolute temperature; THF, tetrahydrofuran; AE, flow activation energy; Iq, apparent microviscosity; p, rotational relaxation time of the fluorophore; T, lifetime of the excited state of the fluorophore.
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In leukemic human and mouse lymphocytes, for example, the polarization of the DPH fluorescence is less than that in the corresponding normal lymphocytes, indicating that the resistance to rotation, and hence the "microviscosity," is decreased in the leukemic cells (1, 3) .
The present studies were undertaken to characterize the fluidity of the nonpolar regions of isolated rat intestinal microvillus membranes by estimations of the fluorescence polarization of DPH and other lipid probes. These membranes are of considerable physiological and clinical interest because they are highly organized to perform a variety of essential digestive and transport functions. The results to be described demonstrate a number of characteristic features of the microvillus membranes, including a relatively high resistance to rotation of the lipid probes (i.e., high "microviscosity"), a temperature-dependent phase transition and a dependence of the membrane "microviscosity" on ambient hydrogen ion concentration.
METHODS
Animals. Experiments were performed both at the Weizmann Institute and at Columbia University. Despite differences in the strain of rats employed and the fluorescence polarization instrumentation (see below), the results obtained in both institutions were very similar and have been pooled throughout this report. At the Weizmann Institute CR/RAR strain, albino, female rats were used and at Columbia University the rats were albino males of the Sherman strain. In all studies rats weighing 200-300 g were fasted for 18 h with water ad libitum before removal of the small intestine.
Instruments. The fluorescence polarization instrument employed at the Weizmann Institute was constructed there and has been described (15) . The Elscint model MV-1 Microviscosimeter was also used. The instrument at Columbia University was purchased from SLM Instruments, Champaign, Ill. Membrane preparations. In a typical experiment four or five rats were stunned rapidly by a blow to the head and killed by exsanguination. The entire small intestine was resected and segments of duodenum (proximal 12 cm), jejunum (middle 25 cm), and ileum (distal 15 cm) opened and washed thoroughly in ice-cold 145 mM NaCl-4 mM KCI. The mucosa of each segment was scraped off with a glass slide and the duodenal, jejunal, and ileal scrapings pooled separately and weighed. Thereafter, microvillus membranes were prepared by one of two methods. In the first procedure whole brush borders were obtained by homogenizing the mucosa in hypotonic sodium EDTA of pH 7.4 as previously described (16, 17) . Thereafter, the brush borders were suspended in 100 mM mannitol containing 1 mM Hepes-Tris of pH 7.5. Microvillus membranes were then prepared as described by Hopfer et al. (18) by highspeed homogenization in a Potter homogenizer (Potter Instrument Co., Inc., Plainview, N. Y.) fitted with a Teflon pestle and driven by an electric drill, followed by differential centrifugation. In the second procedure the mucosal scrapings were homogenized in a Waring blendor (Waring Products Div., New Hartford, Conn.), treated with 10 mM CaCl2, and a brush border particulate fraction obtained by differential centrifugation as described by Schmitz et al. (19) . The brush border fraction was then homogenized at high speed according to the method of Hopfer et al. (18) and the microvillus membranes separated by differential centrifugation. The final membrane pellets were suspended in either phosphate-buffered saline (20) or 13 mM Tris buffer of pH 7.4 and tested immediately or within 24 h. For longer periods the membranes were stored frozen at -15°C, which preserves better the original fluorescence polarization and disaccharidase values. The purity and comparability of the various preparations was assessed by estimations of maltase specific activity (17) . Membranes prepared from all three segments of the intestine and by each of the methods of preparation were consistently purified 15-to 18-fold as compared to the original homogenates. Moreover, both methods of microvillus membrane preparation gave similar results in studies with the fluorescent probes and the data have been combined below.
Human erythrocyte ghost membranes were prepared by hypotonic lysis by a modification of the method of Dodge et al. (21) . Erythrocytes were obtained by centrifugation of recently outdated blood bank blood and washed twice with 10 vol of isotonic NaCl containing 30 Louis, Mo.), and DL-12-(9-anthroyl)stearic acid (Sigma Chemical Co.). For the DPH studies a stock solution of 2-mM probe in tetrahydrofuran (THF) was prepared and stored protected from light at room temperature. Aqueotus suspensions of DPH were prepared freshly each day as previously described (1) . A small volume of the DPH solution in THF was injected with rapid stirring into 1,000 vol of phosphatebuffered saline (PBS) or other buffer at room temperatture.
The suspension was stirred for at least 2 h after which little or no odor of THF was detected and the suspension showed negligible fluorescence. In a typical experiment microvillus membranes equivalent to 100-200 ,ug protein (22) were incubated in 2 ml of PBS containing 1 AuM DPH suspension for 2-4 h at 37°C. Thereafter, estimations of the fluorescence polarization and fluorescence intensity were made with an exciting wavelength of 365 nm (Hg line) and passage of the emitted light through 1-cm cut-off filters of 2 m NaNO2. Control samples of DPH suspension alone and of membranes alone were examined in each experiment, but these readings could be neglected since they contributed less than 3% to the fluorescence of the complete system. The fluorescence intensity, F, was calculated as 11, + 2I1 , where 11, and I-are the fluorescence intensities oriented, respectively, parallel and perpendicular to the direction of polarization of the exciting light (1). Fluorescence intensity was expressed in arbitrary units. (1, 12) . For studies of vitamin A, a fresh solution of 0.4 mM all transretinol in absolute ethanol was prepared and 5 ,ul was added with rapid mixing to 2 ml of PBS containing microvillus membranes equivalent to 50-100 ,g protein, as previously described (23) . After 15-20 s the fluorescence intensity and polarization was determined as described for DPH, except that the wavelength of the exciting light was 334 nm (Hg line). The fluorescence of each membrane sample minus retiniol and that of retinol added to buffer alone were also determined and subtracted as corrections, never more than 30% of the total value. The maximal limiting anisotropy, r0, for retinol has been estimated as 0.367 in propylene glycol at -50°C (23) .
For experiments with anthroyl-stearate, a stock solution of 0.25 mM in 80% ethanol (vol/vol) containing 10 mM Hepes-Tris of pH 7.5 was prepared and stored at -15°C. In fluorescence experiments 5 ,ul of the stock solution was added with rapid mixing to 2 (26) .
To prepare liposome suspensions the dried, extracted lipid was suspended in PBS to a final concentration of approximately 0.3 mg/ml and the mixture was sonicated for 10 min, under N2, at 5°C, as previously described (3). Thereafter, the suspensions were centrifuged for 10 min at 20,000 g in a Sorvall centrifuge at 5C. The supernatant liposome stuspensions were tested with the fluorescent probes as described for membranes above. In the final reaction mixtures the liposome suspensions were diluted two-to fourfold and fluorescence readings were obtained as described above.
Dried lipid extracts were also fractionated and assayed quantitatively for individual lipids by thin-layer chromatography according to the method of Yavin et al. (27) .
Solubilized membrane proteins. Preparations of solubilized membrane proteins were made by extraction with Triton X-100 (Rohm & Haas Co., Philadelphia, Pa.) followed by removal of the detergent. A suspension of membranes equivalent to 2-6 mg protein was added to 10 vol of 1.5% Triton X-100 in 10 mM Tris buffer of pH 7. (3, (12) (13) (14) indicate that a change in slope of such a plot can be used to detect a phase transition. In addition, the "microviscosity", i7, was calculated from the anisotropy values observed and from indirect estimates of the lifetime of the excited state, as previously described (1, 12) . The change of 11 with temperature can be described in a simple exponential form:
where AE is a "flow activation energy" determinable from the slope of the plot of log i1 vs. l/T (10) and A is a constant whose significance has been discussed (3).
Effects of pH. To Table IV (Table III) so that an effect of the membrane proteins on the A constant would be anticipated from the relation given ins equation (2) . The data in Table IV indicate that the mean value of A of microvillus membranes anld brush borders is significantly greater than that of the lip)&-somes (P < 0.02).
pH sttudies. The effects of ambient pH on the fluiorescence polarization of DPH in jejunal microvilts membranes as comnpared to erythrocyte ghost membranes are illustrated in Fig. 5 . Relatively little change in the erythrocyte membrane values was observed in the pH range 3-11. In contrast, marked effects wese noted with the microvillus membranes. A maximal [(rjr)-1]-l value was observed at pH 6.5-7.0') with decreases on both the acid and alkaline sides. In the' acid range the fall was relatively steep, decreasing by over 50% to pH 3, and characterized by two infilection points at approximately pH 4 and 6. The' less marked fall on the alkaline side also showed inflection points.
To assess the relative contributions of membrane protein and lipid to the pH changes noted above, liposomes prepared from the microvillus membranes were tested similarly and the results are shown in Fig. 6 membrane phospholipids (32, 33) , we hypothesized that the cation might influence the fluorescence polarization of the more polar probes but not that of DPH. The hypothesis was tested with microvillus membranes from two groups of rats and the results are shown in Table V . Values of [(r/r)-1V' for DPH were not affected by calcium, whereas those of anthroyl-stearate and retinol, respectively, were increased by 6 .1% (P < 0.005) and 10.7% (P < 0.005).
DISCUSSION
The intestinal microvillus membrane is highly specialized to perform transport and enzymatic functions essential for normal digestion and absorption. In keeping with this distinctive functional specialization the fluorescence polarization studies reported here demonstrate several unique features of the dynamics of the microvillus membrane lipids. The 
(3).
The ij values of the present studies are also greater in microvillus membranes as compared to suspensions of whole brush borders, unfractionated mucosal homogenates, or whole mucosal cells examined with a fluorescence polarization microscope. Indeed, the fluorescence polarization of DPH could be used to monitor the purification of the membranes from the homogenates. Regional differentiation of the small intestinal mucosa is reflected in the higher polarization values observed for ileal as compared to more proximal segments with each of the three fluorophores, DPH (Table I) , anthroyl-stearate (Table II) , and retinol ([23] ; Table V ). The functional significance of this pattern or of the very high ij values of the microvillus membranes generally is unknown. Two possibilities, however, are noteworthy. Recent studies (3, 34) suggest that high ij values increase the availability or rotational mobility of the surface receptors of certain membranes. Since a major function of the microvillus membrane surface is to adsorb a variety of nutrients, the high r1 values may assure optimal availability of essential surface receptors or enzymes. The second possibility derives from a number of studies (35, 36) which demonstrate that the cholesterol content of artificial or natural membranes can influence markedly the passive permeability, carrier-mediated permeability, and electrical properties of the membranes. Since cholesterol content is closely correlated with i2 (3, 35) , it is reasonable to suggest that the normal transport and barrier functions of the microvillus membrane may depend on the high I1 values.
Comparison of the fluorescence polarization of DPH in liposomes and intact microvillus membranes indicates clearly that both the lipid and protein components of the membrane contribute to the high i (DPH) values. The lipid contribution can be considered in terms of a number of determinants which have l)een defined in the past decade, mainly by extensive sttudies of liposomes as model membranes (3, 4, (10) (11) (12) (35) (36) (37) (38) . Increases in r restult fromii inicreases in the molar ratio of cholesterol/phospholipid (11, 37, 39, 40) , the molar ratio of sphingomyelin/lecitlhin (3, 12) , or the degree of saturation of the fatty acid side chains of the polar lipids (40) . The cholesterol/plhospholipid ratio in rat mibcrovilltus meml)rane lipid has been estimated as 1.26 (25) , in excess of the ratio in human erythrocyte membranes, 0.9-0.95 (41) , or in the otlher membrane types listed above. Furtlhermiiore, the molar ratios of sphingomyelin/ lecithin estimiiated in our laboratory in samples of rat jejtunal mierovillus membrane lipid from two groups of rats were 0.71 and 1.10. These ratios are comparable to those of human erythrocyte membranes, 0.82-0.96 (41 (Table III) , as previously reported (2, 3) . In contrast, the microvillus membrane values are considerably higher than those of their liposomes. The presence of the membrane proteins, therefore, accouints for the exceptionally high 7j (DPH), in excess of that in erythrocyte memiibranes, characteristic of microvillus membranes. The studies of pH dependence further support this conclusion. On lowvering the ambient pH from 7 to 3 (Fig. 5) , the relatively high DPH fluorescence polarization of the microvillus membranes falls to the level of the erythrocyte membranes, and this marked decrease is for the most part absent in the liposome studies (Fig. 6) , i.e., it depends upon the membrane proteins.
The effect of memiibrane proteins on ij would presumably restult from protein-lipid and protein-protein interactions. Although the nature of these interactions depends mainly on the particular molectules involved, the ntumber of interactions may well relate to the total protein content of the membrane. It bears emphasis that the microvillus membrane contains a high proportion of protein/lipid, 1.7/1.0 (wt/wt) as compared for example, to the erythrocyte membrane, 1.2/1.0. Thtus, it is reasonable to suggest that the protein/lipid ratio of a meImbrane may be an additional determinant of its rj value.
In mnicrovillus membranes and in liposomes prepared from their lipid the log 7j (DPH) varies linearly with 1/°K in the temperature range from 40 to 26+2°C, i.e., in the liqtuid crystalline phase preceding the tranisitioin to a crystalline gel. The slope of this line represenits a flow activation energy AE (DPH), wlhichi is anl index of the degree of order in the hydrophobic regions of the membrane (3). The AE (DPH) values observed for microvillus memiibranes and eryth rocyte mem-n-branes (Table IV) are approximately the same, in agreemiient with prior observations that the range of these values is relatively narrow in biological memilbraines. Since membranes with low molar ratios of cholesterol/ph-ospholipid, e.g., beef heart mitoclhond(rial memiibranies, gave AE values considerably less than those predicted from their lipid composition, the conclusion was drawn (3) that membraine proteins lowzer the AE values. It seems clear from the present resuilts, on the other hand, that the proteins do not influience appreciably the AE valtues in memiibranes with hliglh clholesterol/phospholipid ratios. As shown in Table IN ' the AE values of either the microvillus membranes or the erythrocyte ghost membranes are the same wvithin experimental error as those of' their corresponding liposomes.
The temperature dependence of DPH fluorescence polarization also provides clear evidence of a phase transition at 26±20C in microvillus membranes and in the liposomes prepared from them. The sensitivity and validity of this fluioreseence method for identification of suich transitions has been amply established by stuidies with artificial liposome systems (3, (12) (13) (14) . Since prior examinatioin of a number of cell types and isolated meimibranies, including erythrocyte ghost membranes, revealed no phase transitions by similar fluiorescence polarization studies (2, 3), the present restults were confirmed by experiments with another fluiorescent probe, anthroyl-stearate, and more directly by differential scanning microcalorimetry of microvilluis mnembrane lipid. The memibrane proteins seem to have no influience on the transition observed, inasmcth as the transition temperatuires (Table IV) for individual microvillus membrane samples are the same within 1-2°C as those ofthe corresponding liposomes. 4 The biochemical basis of the phase transition in terms of specific lipid determinants is unknown as yet. Since artificial liposomes with high sphingomyelin/ lecithin ratios show phase transitions at 28-34°C (3, 12) , the ratio of these substances in two samples of jejtunal microvillus lipid was determined. As mentioned above, the values are similar to those in htuman erythrocyte ghost membranes and fail, therefore, to provide an adequate explanation. It is conceivable that the microvillus and erythrocyte membrane lipids behave differently due to a difference in the ratio of cholesterol/total polar lipid. This ratio is lower in microvillus membrane lipid d(ue to its high content of glycolipid (25) . Moreover, it hals been reported (42) that erythrocyte membrane lipid, which does not show a phase transition on differential scanning calorimetry, will show a broad transition encompassing 37°C after removal of the cholesterol. Further studies with isolated fractions of' microvillus memllbrane lipids, incluiding particuilarly the glycolipids (25) , may lead to the identification of the specific determinants of the phase transition.
An extensive literature now exists on the identification and characterization of phase transitions in model bilayers and microbial organisms (43) . In addition to fluorescent probe analysis the techniques used include differential scanning calorimetry (44), X-ray diffraction (45) , electron spin resonance (46) (47) (48) , niuclear magnetic resonance (49, 50) , and the temperature dependence of various enzyme and transport functions (43, 51) . Evidence for phase transitions in mammalian membranes, however, has been limited to mouse LH cells cultured in monolayers (52, 53) and studied by electron spin resonance and the nitroxide spin label, SN10, in association with a numiber of physiological parameters. The present study provides the first clear demonstration of a phase transition in plasma membranes isolated directly from a normal mammalian tissue. While the mean transition temperature of approximately 26°C is sufficiently below 37°C to preclude a physiological role for the change in state, the transition phenomenon should prove useful in further studies of membrane transport and enzyme reactions as it has in other cell types (43, 52, 53) .
It is instructive to contrast the fluorescence polarization results obtained with the synthetic hydrocarbon, DPH, and the essential nutrient, retinol. Prior publications (3, (12) (13) (14) and the present data stupport the hypothesis that DPH reports mainly, if not entirely, from the nonpolar lipid regions of the plasma membrane. In our studies the microvillus membranes gave values similar to the liposomes for both the AE (DPH) parameter and the transition temperature. Moreover, the phase transition identified initially by DPH fluorescence polarization in the membranes was confirmed subsequently by direct microcalorimetric 546 D. Schachter and M. Shinitzky examination of the isolated membrane lipid. Finally, Ca++ did not appreciably affect the DPH fluorescence polarization in microvillus membranes (Table  V) , apparently because the probe is located sufficiently far from the polar head groups of the lipids. In contrast to DPH, at least a portion of the fluorescence of retinol seems to originate from binding of vitamin A to one or more membrane proteins. As reported previouisly (23) , treatment of microvillus membranes with trypsin decreases the fluorescence polarization and fluorescence intensity of the retinol buit not those of the DPH. In the present experiments (Table III) retinol [(r0Ir)-1]-' and fluiorescence intensity per milligram protein were considerably greater in a Tritonsoltubilized membrane protein soltution than in the intact microvillus membrane. The evidence stuggests that the microvillus membrane may contain one or more binding proteins which could play a role in the absorptive mechanism for the vitamin.
Variations in ambient pH affected markedly the DPH fluorescence polarization in microvilltus membranes, primarily by influencing the membrane proteins. The inflection points observed (Fig. 5) suggest that the side chains of gluLtamic acid (pK 4.1) and histidine (pK 6.1) might be involved in these effects. Aside from the significance for the molectular organization of the membrane, the change in "microviscosity" with pH is of interest becauise the microvillus membrane is the interface normally in contact with intralumenal H+.
A spectulative btut intrigtuing possibility is that the decrease in r1 (DPH) at acid pH may represent an early stage in the destabilization of the membrane which leads eventually to mutcosal cell destrtuction and peptic tulceration.
